Introduction
The decisive criteria of the quality of machining tools are their productivity and working accuracy.
One innovated method for improving the technological parameters of manufacturing machines (machine tools) is to optimise the structure of their nodal points and machine components.
Because of the demands on machine tool productivity and accuracy, the spindle-housing system is the heart of the machine tool, Figure 1 , [1] . Radial ball bearings with angular contact are employed in ever increasing arrays. The number of headstocks supported on ball bearings with angular contact is increasing proportionally with the increasing demands on the quality of the machine tool [2] . This is because these bearings can be arranged in various combinations to create bearing arrangements which can enable the reduction of both radial and axial loads. The possibility of varying the number of bearings, their preload value, dimensions and the contact angle of bearings used in the bearing nodes, creates a broad spectrum of combinations which enable us to achieve the adequate stiffness and high speed capabilities of the Spindle-Bearings System (SBS) [2] , [3] . Adequate stiffness and revolving speed of the headstock are necessary conditions for meeting the manufacturing precision quality and machine tool productivity required by industry.
When designing a machine tool headstock, the starting point is the design of the spindle support, as this limits the stability, accuracy and production capacity of the machine by its stiffness and revolving speed. However, the parameters influencing the stiffness and frequency can act in opposition to each other. The selection of the type of bearing has to take into consideration the optimization of its stiffness and revolving speed characteristics. The maximum turning speed of the bearings is a function of the maximum revolving speed of the individual bearings, their number, pre-load magnitude, manufacturing precision, and the types of lubrication used.
The stiffness of the SBS depends on the stiffness of the bearings and the spindle itself. There are several methods that can be employed for determining the static stiffness of the spindle system, e.g. [1] and [2] . However, one problem which has not yet been solved is the calculation of the stiffness of the bearings, (or nodes of bearings) in the individual housing. Accurate calculation of the stiffness of the bearing nodes requires the determination of the static parameters of each bearing. From a mathematical point of view, this can be solved by using a system of nonlinear differential equations, which requires the use of computers. To simplify the design, we need a static analysis which provides the basis for the dynamic characteristics of the mounting, and of the machine itself. Designers often prefer the conventional and proven methods of mounting, without taking into account the technical and technological parameters of the machine.
For the design engineer, it is important to be able to undertake a quick evaluation of various SBS variants at the preliminary design stage. The success of the design will depend on the correct choice of suitable criteria for the SBS, and if the design engineer has adequate experience in this field.
Headstock -The heart of the machine tool
The headstock, whether tool or workpiece carrier, has a direct influence on the static and dynamic properties of the cutting process, Figure 2 . The spindle-bearing system (SBS) stiffness affects the surface quality, profile, and dimensional accuracy of the parts produced. It also has a direct influence on machine tool productivity because the width of cut influences the initiation of self-induced vibration; it is directly proportional to machine tool stiffness and damping.
Complex analysis of the SBS is very difficult and complicated, [5] . The analysis requires an advanced understanding of mathematics, mechanics, machine parts, elasto-hydrodynamic theory, rolling housing techniques, and also programming skills. The results of our research into SBS have been divided into three parts:  Theoretical research -dealing with creating mathematical models  Experimental research -verifying theoretical hypotheses and results on testing devices  Application research -dealing with the special software application, Spindle Bearings for SBS design.
Theoretical research
A modular structure of the theoretical research is shown in Figure 3 .
Primary static analysis

Speed
The productivity of a machine tool, (Figure 1 ) can be increased in at least two different ways:
1. Externally -by shortening working time -within a working cycle 2. Internally -by reducing machining times (increasing the cutting width) -technological issues. The philosophy of intelligent manufacturing systems applied to production processes minimise lost time. Further reducing lost time is expensive and has limited effectiveness at current levels of technological development. It has been shown that increased productivity can be achieved for example by changing the cutting speed. However this has a direct effect on tool life and on the dynamic stability of the cutting process.
The cutting speeds in machining processes depend on the technology applied, the cutting tool, and the workpiece material. The cutting speed also relates directly to the high-speed capability, and average diameter, of the bearings, the so-called factor N = nmax.dmid.. Thus, from the point of view of the required cutting speed, the most important factor is the revolving frequency capacity of a spindle which is supported on a bearing system.
The calculation of the headstock's maximum revolving speed is relatively simple. The highest revolving speed of a bearing node is calculated on the basis of the highest revolving speed of one bearing, multiplied by various coefficients reflecting the influence on the bearings, the bearing arrangement, bearing precision, their preloaded value, and lubrication and cooling conditions.
Stiffness
The total static stiffness of machine tools is, in almost all cases, limited by the stiffness of the weakest parts. Amongst all the elements, the Spindle-Bearings System of the machine tool plays the most important role. From results of structural analyses, the headstock can be considered as the heart of the whole machine tool. The design and quality of the machine tool must respect the quality of the drives and their features.
THEORETICAL RESEARCH MOUNTING ELEMENTS RESEARCH SH SYSTEM RESEARCH
The headstock (as tool, or workpiece carrier), has a direct influence on the static and dynamic properties of the cutting process. The Spindle-Bearing System's stiffness also influences the final surface quality, profile, and dimensional accuracy of the workpiece.
The problem here is how quickly the headstock stiffness can be calculated with sufficient precision. The headstock stiffness must be calculated according to the deflection at the front end of the spindle, because the deflection at this point directly affects the precision of the finished product. The deflection at the spindle front end is the accumulation of various other, more or less important, partial distortions. The radial headstock stiffness can be calculated as follows:
The individual headstock parts, (spindle and bearing arrangement), create a serial spring arrangement and it is evident that the resulting stiffness Krc is limited by the stiffness of the weakest part. An expert can see which part should be improved, and which partial distortions need to be minimized.
Simplified method of calculation
The calculation of spindle front end deflection, which takes into consideration all the important parameters, can only be achieved by using powerful computers. The analysis can be carried out by standard or custom software programs.
Calculating the many combinations of SBS arrangements is very demanding on time and money. Undertaking stiffness analysis using standard programs depends on the engineers' experience. The results can be open to questionable even when a suitable mathematical method is used (finite element method, boundary element method, Castilian's theorem, graphic Mohr's method, etc). This is because the headstock box, bearings or bearings nodes are statically indefinite systems which produce a nonlinear deformation of the node when under load.
Special software programmes are very expensive. They are developed using the most up-todate theoretical and practical knowledge. These programs have been developed by research institutions and bearing producers and the possibility of using such programs significantly influences their position on the SBS market. Taking the above into account, engineers would benefit from the existence of a simplified method of static analysis. Such a methodology would enable the engineer at the preliminary design stage to limit the number of possible spindle-bearing variants and determine the direction which would lead to the optimal SBS design, [6] .
The main methodological advantage of computer analysis is the possibility of repeating single calculating algorithms in a matrix shape. To this end a special software package, "Spindle Headstock" was developed at the Department of Production Engineering in the Faculty of Mechanical Engineering at STU, Bratislava, [7] .
The resulting radial deformation, yrc, of the front spindle end is shown in Figure 4 .
Resulting static distortion of the front-end spindle equals
Our experience has shown that whatever mathematical method and software is used, the spindle distortion caused by bending moments y0 and by bearing compliances yl have the greatest influence on the resulting front end spindle distortion, [6] . 
where the distortion caused by bending moments is as follows:
and the deflection caused by bearing compliance is as follows:
Increasing moments of inertia "Ja", "JL" were calculated as follows:
Deflection of headstock box "yv"
Stiffening effect of bearings "ysb"
Drive force "yh" Axial force "ya"
Spindle deflection by transversal forces "yt"
Bearing compliance "yl"
Deflection of the spindle from bending moments "yo"
Resulting deformation of spindle front end is influenced by "yrc"
The definition of the quantities is shown in Figure 5 . The individual headstock parts (spindle, bearing arrangement,) create a serial spring arrangement, and it is evident that the resulting stiffness Krc is limited by the stiffness of the weakest part, [1] [2] and [9] .
At the same time, parameters "Fr", "a", "L" influence the value of both deflections. The spindle deflection caused by bending moments can be decreased by the following methods:
increasing the material modulus of elasticity "E", -increasing moments of inertia "Ja", "JL" by a change of spindle diameters "Da", "DL", "da", "dL".
The resulting static distortion of the spindle front-end can be explicitly described by a multiparametrical equation in the form of: There remains one significant problem with the calculation of the bearing nodes, and that is that they are statically indeterminate systems. 
Dynamic analysis
While static analysis of SBS describes spindle behaviour in a static mode, dynamic analysis describes SBS behaviour under real conditions, in real running time, and so the real operational state is better represented. It is very important to know the dynamic characteristics, especially in high-speed headstocks. It is important to ensure that the operational revolving frequencies do not fall within the resonant zone. When this happens, the vibration amplitude of the spindle is considerably increased, and the spindle's total stiffness falls to unacceptable levels.
The most common determining dynamic characteristics of SBS are:
the spectrum of natural (resonant) frequencies (usually the first three frequencies), -the amplitudes of vibrations along the spindle independent of the revolving frequencies of the spindle, -the resonant amplitudes of vibrations, -the dynamic stiffness of the spindle (at the given speed of the spindle).
The SBS dynamic properties (dynamic deflection of spindle front-end, natural frequencies spectrum) [5] , are affected by factors shown in Figure 6 .
Mathematical models for determining the dynamic properties of a spindle
Currently, the only reliable method for determining dynamic properties is to use experimental measurements. Therefore it is very useful to create reliable mathematical models for determining these dynamic properties.
In line with spindle mass reduction, mathematical models are divided into:
1/ discrete with 1º, 2º and Nº degrees of freedom, 2/ continuous.
The discrete mathematical model developed for measuring the revolving vibration of spindles with N o degrees of freedom is worked out in [1] , [5] . This mathematical model for calculating the dynamic properties of the spindle enables us to include in our calculation the effects of the materials, the dimensions of the rotating parts, the bearing node stiffness, and the radial forces generated by the cutting process and drive. The results calculated reflect a spectrum of natural frequencies and the dynamic deflection of the spindle under discrete masses.
The deflection of spindle y i loaded with concentrated forces at the i th point can be expressed in the form:
where a ik (m/N) is Maxwell's affecting factor. Every mass point on the spindle produces centrifugal force
where m i (kg) is mass i th discrete segment. The application of the aforementioned equations and their modification for masses of "n" value, will create a system of homogenised algebraic equations where the results of determinant D are angular natural frequencies of the transverse vibrations of the spindle  i (rad.s -1 ).
DYNAMIC DEFLECTION NATURAL FREQENCIES SPECTRUM
The procedure for determining the dynamic deflections yi, when the dimensions of the spindle, rotating parts, stiffness of bearing arrangement, and the external radial forces are taken into consideration, is very similar to the previous one. These procedures are described in [6] . 
It is relatively easy to transform this mathematical model into a computer readable format and the calculation of the dynamic characteristics can be quickly achieved.
Theoretical research on bearing nodes
Arrangements of nodal points
Usually, radial ball bearings with angular contact arrangements in their nodal points contain 2, 3 or more bearings, see Figure 7 .
Criteria for selecting the arrangement of bearings
The number of spindle bearing systems supported on ball bearings with angular contact increases proportionally with increasing demand on the machine tool. By varying the bearings and their arrangement in the bearing nodes (DB, DF, DT, TBT,TTF, QBC, ..), the value of the contact angle, magnitude of preload, and type of flanges can be optimized to suit the required, resulting stiffness and speed-capability of the spindle-bearing system.
In order to assess the maximum permissible speed of different types of spindle rotations, a parameter for the so-called high-speed characteristics has been introduced: N = nmax.dmid, where "nmax" denotes the maximum spindle revolutions and "dmid" the medial diameter of the bearings. Following this parameter, roller bearings of machine tool spindles can be divided into 3 basic groups, [10] : Headstocks of heavy duty machines for turning, milling and drilling operations. In these machines the spindles are predominantly mounted using double-row roller bearings in combination with axial ball bearings, or tapered bearings. We can assume that the linearization of the deformation curve in roller bearings is sufficiently accurate, which simplifies the calculation of the radial stiffness of the nodal point, [2] . These mountings offer high stiffness and load-bearing capacity and quiet operation.
GROUP 2: N = (0.4 -1) .10 6 is characterized by bearings of medium size and are found in smaller NC and CNC turning, milling, drilling and grinding machine tools. The maximum possible speed in bearings with linear joints is limited by the heat produced in the head, and therefore they are used only for the mounting of spindles with the lowest values of coefficient N. Developments in the field of increased speed capability is focused on bearings with point contacts, as these have better friction characteristics.
GROUP 3: Spindles mounted in bevelled radial bearings with optimized structure (design) and using new composite materials enabling high-speed operation, N = (0.8 -2.5) x 10 6, which is typical for high-speed machining.
Spindle mountings using only radial bevelled bearings, (table 1) , [11] can be divided into 2 basic types:
spindles mounted on bearing nodes with "directionally" arranged bearings, with equal orientation of contact angles in each nodal point 1, 2, 3, and 7, table 1. -spindles mounted on nodal points with bearings arranged according to shape. Bearings are arranged in "O" or (X) shape, in combination with "T".
A typical feature of the nodes of spindle bearings is the application of pre-stressing, which provides the stiffness of the nodal point and reduces any skidding of the rollers at high revolutions.
Pre-stressing can be achieved through three flange design principles:
a. Sprung flange: thermal expansion (dilatation) is eliminated by changing the length of the elastic materials positioned between the flange and the bearings, which ensures minimum change in the pre-stress value. b. Stiff (Rigid) flange: provided by a fixing nut or casing. This design provides better stiffness characteristics. The pre-stress value is changed due to the influence of thermal dilatation. c. Controllable flange: axially adjustable (by means of hydraulics), which ensures the required pre-stressing for different operational conditions.
The highest values of the coefficient N can be achieved by using spindles mounted on nodes with a "directional" arrangement of bearings, 1, 2 and 3. When used in conjunction with the controllable flange, the correct types of lubrication and cooling, speeds which are comparable with the maximum revolutions of the bearings themselves can be achieved. Thus they can be applied in high-speed machining [11] . These mounting types, in combination with the sprung support, are mostly used for grinding.
For difficult technological operations requiring considerably higher stiffness in the radial and axial directions, nodal points with bearings arranged according to shape, together with fixed supports are typical.
There is negligible use of hybrids of the basic types of mounting (mounting 5), as shown in table 1. In such cases one nodal point has bearings arranged according to shape, while the other has directionally arranged bearings, (Figure 2 ). The pre-stressing in the front nodal point is ensured by a stiff flange, and in the rear nodal point by a sprung flange. Table 1 . Type of SBS using radial ball bearings with angular contact [11] Radial Ball Bearings with Angular Contact in Machine Tools 61
Stiffness
The stiffness of the bearing arrangement (KA, KB) is the specific parameter which influences the consequent spindle distortion. We have developed a simplified mathematical model for calculating radial and axial stiffness, [11] , [12] .
3. The calculation of radial stiffness of nodal points
Assumptions of solution
According to the Hertz assumptions [13] , [14] , there is a dependence between load "P" and deformation "δ" at the contact point of the ball with the plane, given by the relationship
a. the bearings in the nodal points are of the same type and dimensions, with precise geometric dimensions b. the value of the contact angle is the same for all directionally-arranged bearings in the nodal point, which delivers equal distribution of strain on these bearings c. radial load is equally distributed onto all the bearings in the nodal point
Stiffness of nodal points with directionally-arranged bearings
The calculation of the stiffness of a nodal point is based on the stiffness of the bearing itself [15] , which is defined as:
As radial displacement r0 is a function of contact deformation 0 of the ball with the highest load [13] , the equation for calculating the stiffness of bevelled radial bearings will have the form:
When calculating stiffness, the distribution of load among the rollers must be determined, and the dependence between the load on the top ball and external load must be found. The distribution of load in the bearing can be derived from the balance under static conditions [14] ,
.cos .cos . .sin .cos .cos .
.cos .cos . cos .sin .cos .cos .
By loading the pre-stressed bearing with a radial force, the distance, OAOip, between the centre of the balls is constant, (Figure 8 b, c) .
The dependence between the deformation of the j th ball and the top ball can be determined by the relation
By derivation of equation (14) we get
The unknown derivatives in equation (19) can be calculated by changing the relations (11), (17) , (18) .
The interdependence of the contact deformation and radial displacement, Figure 8 , can be determined from the relation 
by inserting equations (24) and (22) cos .cos . cos cos j.
After inserting equations (25) and (19) into equation (13) we get the resulting relation for the stiffness of a pre-stressed nodal point with directionally-arranged bearings.
Stiffness of nodal point with bearings arranged according to shape
When calculating the nodal point with bearings arranged according to shape, we divide the nodal point into part "1" and part "2" (Table 1) , with the same orientation of contact angles in nodes with directionally-arranged bearings, and the stiffness of the parts is calculated as follows: 
For example in Figure 9 the total numbers of bearings in the front node SBS is 5: i1 = 3, i2 = 2, contact angles α1 = α2 = 25.
We determine the total stiffness of the nodal point by the addition of both parts of the node with the equation:
In order to optimize the stiffness and load-bearing capacity for specified technological conditions, the manufacturers of machine tools have come out with a new, non-traditional solution for nodal points. By diminishing the contact angle of the bearing in Part 2, the axial stiffness of the nodal point is partially decreased, but at the same time, the value of the radial stiffness and boundary axial load is increased.
Approximate calculation of stiffness
When evaluating the overall stiffness of a spindle, the designer must take into account the approximate calculation of the stiffness of the nodal points.
If all the balls are loaded, and there are more than 2 per bearing [14] , the following equation can be applied:
If the bearing angle is loaded only in an axial direction by the pre-stressing force, then the load on the rollers is constant around the whole circumference and can be expressed, for the particular parts of the nodal point [11] in the form     If the magnitude of the spindle bearing contact angles is not greater than 26 degrees, then the value of the second expression in equations (27a) and (27b) is negligible.
Taking these assumptions into consideration, we obtain the relationship for the approximate calculation of the radial stiffness of a bearing angle with directionally placed bearings in the form:
and with bearings arranged according to shape in the form: 
where the approximate value of the deformation constant is The pre-stressing value "Fp" can be calculated according to the standard, STN 02 46 15. Some foreign manufacturers (for example, SKF, FAG, SNFA ...) publish this value in their catalogues. The number of balls "z" and their diameters "dw" of some types of bearings are quoted in the literature, e.g. [16] . 2  2  2  1  5  3  3  3  2  1  3  3  3  3  3  1  1  2  5  3  3  1  2   sin  3.10  sin  1  2 sin
and substituting the equation in brackets 
the dependence between the axial and radial stiffness can be expressed by the relation
When 1 2    in a nodal point with bearings arranged according to shape, or i = 0 in nodal points with bearings arranged according to direction, the quotient of the constants T1, T2 will be equal to 1 and the relation (37) will be simplified. Thus
Taking equations (32) and (34) into consideration, it is evident that the stiffness of the bearing arrangement depends on the number of bearings (i1 and i2) in the arrangement, the dimensions of the bearings (z1, dw1 and z2, dw2), the contact angle (α1 and α2) and the preload value Fp.
Conclusions of the analysis
The conclusions of the analysis [10] are as follows:
 Radial stiffness increases proportionally with increasing values of "z", "dw", "i", "Fp" and decreases when "a" is prolonged, (Figure 10 ). 
The parameters "z" and "dw" must be evaluated in mutual interaction because they characterize the size and dimensions of the bearings. Increasing both of these parameters, and producing the consequent increase of stiffness of the bearing arrangement, can be achieved by increasing the inner bearing diameter. The disadvantage here is that maximum revolving speed will be reduced. A more suitable solution is to decrease the width of the bearing, e.g. from B72 to B70, B719 or B718. In this case the number of rolling elements "z" will be increased and their diameter "dw" will be smaller.  Considering equations (31), (32) and (34), it is evident that "z" has a more important influence on stiffness than "dw". If the diameter of the rolling elements is smaller, their weight will also be decreased, and this fact will allow an increase in the maximum revolving speed.  The number of bearings in bearing arrangement "i" is the significant factor which can favourably influence stiffness. But the increased number of bearings will reduce the maximum revolving frequency and therefore it is possible to use this solution only for low speed spindle-bearing systems.

The preload has a relatively small effect on the stiffness of bearing arrangements. The preload real value also depends on the type of flange used. When fixed flanges are used the preload value can exceed the nominal value by several times. This will cause excessive preload values which produce heat and the bearing arrangement will break down much sooner than expected.  The contact angle "α" has a significant influence on the variation of the stiffness of the bearing arrangement. When the value of the contact angle is increased, the radial stiffness and maximum revolving speed of the bearing arrangement is also decreased.
On the other hand, the axial stiffness of the bearing arrangement will be significantly increased.
Optimization of the spindle-bearing system in relation to temperature
In addition to the bearing arrangements, the temperature properties of the bearing supporting node have an increasingly greater significance on the high-speed capability of the bearing. The main goal of this section is to show the SHS design under real operating conditions, taking into consideration the temperature-related behaviour of the spindle and bearing nodes.
The value of the changes in SHS temperature depends on the temperature gradient, the type of bearing arrangement (DB, DF, DT, …), the contact angle of the bearing, and the distance between the bearings arranged in the node.
The stiffness of the given example was analysed using the application software "Spindle Headstock" [3] , developed in our department.
The analysis identified the optimal stiffness, which was then applied to the headstock of the DB 24 fy. Ex-Cell-O GmbH., Eislinger precision boring machine, Figure 11 , [18] The headstock used for analysis had the following parameters:
Output power: P = 3 kW 
The optimisation of SHS with regard to temperature
The temperature dilatation of the spindle can be described by the equation:
If the distance between the bearings in the DB arrangement is short (Figure 13a) , the dilatations in a radial direction is greater, [18] . The temperature gradient causes the dilatation of the inner bearing rings to be greater than that of the outer rings. Consequently, the original preload increase in temperature will be higher in the bearing node. The elevated temperature will influence the temperature gradient, and the preload value could cause bearing node failure.
The preload change was defined by the change in the distance between the centres of the radii of the rolling raceways:
The distance t l at given temperature gradient in accordance with Figure 13 is In the twin bearings FAG B 7016 C.TPA.P4.UL with DB arrangement, at a temperature gradient of 10 C, and with bearing distance B m = 29 mm, the preload will increase by 13,32 N.
Conversely, if the distance of the bearing in O arrangement is long (Figure 13b ), the dilatations in the axial direction prevail and cause a decrease in the value of the preload.
In the twin bearings FAG B 7016 C.TPA.P4.UL with DB arrangement, at a temperature gradient of 10C , the preload will be decreased by 5,88 N.
In DB arrangement, the main goal of temperature optimization is dependant on the determination of the optimum distance between the bearings at which a change in the preload at the given temperature gradient would be minimal.
In accordance with Figure 13 the condition
must be satisfied.
By substituting equations (42) and (43) into (46), the optimal bearing separation distance from the point of view of temperature can be deduced from: Figure 14 shows the change of optimal bearing distance at various values of the temperature gradient for the analysed SBS, Figure 11 . 
Recommendation for improvements in construction
The recommendations from the point of view of temperature optimisation for the DB 24 SHS boring machine are based on the results of the analysis undertaken. From the perspective of temperature, it can be seen that a change in bearing node arrangement to individual spindle supports from DB to DT would be advantageous, Figure 15 . In comparison with the original bearing node arrangement, the radial stiffness of the rearranged spindle-bearing system will drop slightly, but its axial stiffness will increase. The advantage of the reconfigured SBS is that at real mean values of temperature gradient, the SBS stiffness will be almost fixed.
Spindle headstock
The application software is used for calculating the SBS of machine tools supported on rolling bearings. The programme enables us to determine all elements and calculate the properties of the spindles and shafts which are supported on rolling bearings. The application software enables very fast and user-friendly calculation of the radial spindle stiffness in the bearing arrangement in a bearing unit.
The architecture of the programme contains a number of mathematical formulae which have been experimentally verified. These models respect the conditions of the spindle working accuracy in terms of the external load cutting forces, driving forces, and also spindle rotation speed. 2. The ability to select the most appropriate bearing or bearing node arrangements ( Figure  17 , Figure 18 , Figure 19 ). Data about selected bearings can be ganed from extensive databases according to the users requirements within the bearing inner diameter range: Graphical output of partial deflections caused by bearing nodes distance are shown in Figure 21 . (Table 1. ).
The "Spindle Headstock" software application product is a basic programme which can be modified according to the user's wishes.
The programme has been written in the source code programming language, T-PASCAL v.7, with special additional modules for graphics. A number of interactive modules prepare user-specified data for use in AutoCAD utilising the DXF format. The programme can be used on any IBM/PC compatible computer using a HERCULES, EGA or VGA graphics adapter.
The applied software technology has been used in the industry to improve the working accuracy of the machine tools made by TOS Trenčín-Slovakia, for SN and SPSI type lathes , (2) , and to design the boring headstocks for the modular single-purpose machine tools made by TOS Kuřim-Czechoslovakia, (5) TOS Lipník, SKF, GMN and INA Skalica. The programme is very effective and reliable and comparison of the results between experiments and calculations show good correlation, never exceeding 10 %.
Experimental research
Theoretical results and hypotheses must be verified by experimental tests.
Research of bearing nodes characteristics
In some cases it is very difficult, or even impossible, to gain experimental results from actual machine tools. This led us to develop an experimental device for research into spindle bearing node arrangement characteristics. Our department has developed such a device that can measure:
1. changes in the bearing contact angle at its mounting point, changes in loading, and changes in revolving frequency, 2. deformation from axial and radial loading for various preload arrangements, contact angles and bearing node revolving speed settings 3. increases in the temperature in the bearing nodes at various settings 4. dimension of cutting forces in bearing nodes
The variation in the stiffness of the bearing arrangement B7216 is shown in Figure 22 , [19] . We can use the experimental measuring head for measuring the deflection and temperature of a varying number of bearings and bearing nodes (from 2 to 5), their preload value, dimensions, and the contact angle of the bearings with different radial and axial forces used, [19] , [20] .
We use this device to measure the deformation characteristics of the bearing node with different combinations of bearing arrangement, pre-stressed values, contact angles, loads and revolution frequencies. We use this experimental measuring head for verifying the theoretical calculation and real performances of the bearing node (stiffness, precision running and temperature). In Figure 23 we have compared the experimental stiffness measurement, with the accurate theoretical and simplified average calculated radial stiffness of the B7216 AATBP4OUL bearing arrangement. The stiffness variation was examined with a 25% contact angle with nominal value of bearing arrangements: z1, z2= 14, dw1, dw2 = 19,05 mm, α1, α2 = 12º, Fp =340 N.
When static, the experimental values of radial stiffness are higher than the theoretical values. The dependence of stiffness on loading exhibits a decreasing pattern. The decrease is nearly linear, until a certain critical force "Fkr" is reached, at which point the roller with the lightest load becomes unloaded. The deformation characteristic of the nodal point is influenced by the type of flange. The degree and gradation of the stiffness change under the given operational conditions depend on their construction.
In this field the results of the precise and the approximate mathematical model are practically the same. Consequently it follows that in a preliminary mounting design, a simplified mathematical model for calculating the stiffness of the nodal points can be used, as suggested in this article. The convergence of the measured and calculated values provides good evidence for a wider application of the programme in practice. 
New design of headstock
In the new design of a headstock which connects to a CNC system, the maximum width of cut is limited by the point at which self-exciting vibration starts.
From a constructional point of view, the headstock design can be classified as follows:
headstock with an integrated drive unit
The classical headstock is a mechanical unit, where a spindle is driven by a motor through a gearbox without any control system.
The disadvantages of the classical construction are as follows:
 problems with the gears at higher revolving frequencies,  actual cutting speeds are not continual because of the discontinuous nature of the gearboxes,  large dimensions of complete units
New design "Duplo-Headstock"
The "Duplo-headstock" has been designed in order to achieve technological parameters comparable to the performance of standard electro-spindles, but at a lower production costs and with higher controllability. This particular headstock is assembled from readily available elements (bearings, single drives,). The demands on the other peripheral devices are reduced, as are the costs.
The "Duplo-headstock" can be described as a spindle with double supports, driven by two separate motors which can operate independently or together. Figure 24 -28 show a "Duplo-headstock" design [20] . The spindle (1), with built-in armature (2) , is supported by bearings (3), (4) . The stator of the internal motor (5) is supported on bearings (7), (8) . The clutch (9) connects a hollow shaft with an external electro-motor (10). The stator feeding rings (11) are located in the rear part of the shaft. The clutch (12) enabling switching between working modes is located in the front part of the shaft. The advantage of this innovative design, which is already in use, is that the headstock can work in three different modes:
stator is engaged on the spindle -stator is engaged on the body -no engagement Connecting such a headstock with a suitable control system can provide optimal cutting conditions for various technological operations. The intelligent control system, Figure 29 , can operate in any one of the working modes and ensure nominal or optimal technological parameters best suited to the machining process, [21] . Figure 30 shows the design for the construction of the "Duplo" Headstock.
In the third mode, the clutch (12) is switched off. The spindle (1) is driven by both motors, (Figure. 27), providing the maximum speed, which is required, for example, in grinding. Trenčín, is a Slovak manufacturer of machine tools (mainly lathes) and offers a new generation of lathes implementing various technological advances in design, production, and control systems, [22] . The Department of Production Engineering has been asked to design an accurate running spindle for the SBL 500 CNC lathe (Figures 31 -33) , [23] .
All construction data and results of measurements were obtained from the producer. Table  2 . shows the calculated (Spindle Headstock Version 2.8) values [23] of the optimized design. Figure 34 shows the comparison between the original and optimized designs. Table 2 . Calculated values of optimized design Figure 34 . Headstock of SBL 500, Original design, Optimized design
Dynamic analysis
The most valuable advantage of this system is the possibility of calculating dynamic stiffness at different revolving frequencies of the spindle. The given mathematical model was verified on a number of spindles with programs which enabled the calculation of natural frequencies (COSMOS).The results were in good compliance [24] .
The verified spindle, which complied with research findings, was reduced to a three discrete parts. The dynamic mathematical model described above was used to calculate the natural frequencies and dynamic deflections. The results can be considered as correct, in spite of the relatively large difference in values (28 %) in the first frequency. This is as a result of the fact that the dimensions of the additional rotating parts are not included. If these parts were included in the calculation, the values of the calculated natural frequencies would be smaller.
An example of the graphic output of calculated values is shown in Figure 35 , [23] . The chart shows the dynamic deflection of the spindle reduced to three masses. The first two resonant frequencies of the optimized spindle are marked on the chart. 
Conclusion
One of the main requirements in designing new spindle housing systems is the ability of the design to be quickly applied to real world practice. The methodologies of calculation that were created must be verified, and models must be adapted into a suitable user friendly, computerized format. The models must illustrate the real characteristics of a spindle housing system.
In this design process, only one variable or parameter was changed and the optimal configuration was identified. The results calculated for a static analysis of the SBL Headstock are presented in Table 2 and Figure 33 . The dynamic analysis results are presented in Table 3 and Figure 35 . The calculated results were verified with experimental measurements. The difference between measured and calculated values is relatively small.
There is no doubt that the re-design has been a success story, and has proven to be highly effective in the identification of optimal SBS design. More detailed information can be read in [22] , [23] and its application can be seen in the machine tools made by TRENS Inc., The SBL Lathe was presented in the Mechanical Engineering Exhibition in Nitra in 2010 and in the EMO Exhibition in Düseldorf in 2011.
Nomenclature
N -high-speed ability δ -elastic compression F -external load P -roller loading E -modulus of elasticity of the material J -quadratic moments of inertia i -number of bearings α -contact angle D, d -diameter n -high spindle revolutions l -distance of curvature centre K -stiffness γ -pitch angle O -centre 
